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Polymer organic light-emitting diodes (PLED) are one of the most studied
subjects in flexible electronics thanks to their economical wet fabrication
procedure for enhanced price advantage of the product device. In order to
optimize PLED efficiency, correlating the polymer structure with the device
performance is essential. An important question for the researchers in this
field is whether the polymer backbone is conjugated or not as it affects the
device performance. In this review, recent advances in non-conjugated poly-
mers employed as the emitting layer in PLED devices are first discussed,
followed by their contrast with the conjugated counterparts in terms of poly-
mer synthesis, sample quality, physical properties and device performances.
Such comparison between conjugated and non-conjugated polymers for PLED
applications is rarely attempted, and; hence, this review shall provide a useful
insight of emitting polymers employed in PLEDs.
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INTRODUCTION

Organic light-emitting diodes (OLEDs, see
Table SI for abbreviations used in this review) have
reached the apex of display technology thanks to a
number of their distinctive merits such as excellent
image quality and contrast, having a large viewing
angle and being light, thin and flexible. Since the
pioneering report of an operatlonal OLED device by
Tang and VanSlyke in 1987 tremendous research
from both the academia and industry has been
devoted to optimize the device’s performance. Dur-
ing the past 30 years, workers in the field have
witnessed an enormous enhancement in the device
efficiency, escalating from the initial external quan-

tum efficiency (EQE) of 1% to the current state-of-
the-art EQE of >30%° (without additional device
architecture for enhanced light-outcoupling). Mean-
while, notable OLED companies such as Samsung

and LG have already commercialized OLED televi-
sions, laptops and touchscreens in mobile phones.
Furthermore, being an energy-efficient technology,
OLED lighting will help alleviate power consump-
tion that at currently about 20% of total electrlclty
consumption is devoted solely to lighting purposes.®
Apart from device efficiency, the ease of fabrica-
tion also plays an essential role in the marketability
of OLED technology, because it reduces the device
manufacturing cost. In this regard, the wet process
(spin-casting or inkjet printing) is more beneficial
than the dry process (vacuum thermal deposition),
especial%y in the case of large-area display
devices. ™ In the wet fabrication process, materials
are dissolved in a suitable organic solvent to form a
solution that can be conveniently applied onto the
substrate. The solution should possess a certain
degree of viscosity, and the resulting film must have
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high surface quality and robust morphological sta-
bility, all of these can be fulfilled nicely by polymeric
materials.'®'! As a result, polymer OLED (PLED)
materials have long been the center of research
efforts. The first PLED was reported by Burroughes
and co-workers in 1990 when they invented the
famous poly(p-phenylene vinylene) (PPV, Fig. 1) as
a green-yellow emitter, which offered a device EQE
of 0.05%.'2 This early emitting polymer was itself
intractable, and; therefore, soluble polymer precur-
sor had to be spun-coated on a substrate followed by
thermal curing (250°C) under vacuum to generate
the polymer. Then, poly[2-methoxy-5-(2-ethylhexy-
loxy)-1,4-phenylenevinylene] (MEH-PPV, Fig. 1)
was developed, which was a soluble derivative of
PPV and gave an orange-red device, suggesting the
alkoxy substituents at 2- and 5-positions impact
both emission colors and solubility of the polymer.'?
Polyfluorene (PFO, Fig. 1) is a classic blue-emittin%
polymer, which has been intensively studied.'*!
Finally, poly(IN-vinylcarbazole) (PVK, Fig. 1) is a
very popular hole-transporting layer and host mate-
rial emlployed in the emitting layer of OLED
devices.™

Polymers for PLED applications can be divided into
two main classes according to their architecture
(Fig. 2). One of them has a conjugated backbone in
which the n-electron density in one repeating unit
can be delocalized over other units (Fig. 2a). While
the conjugated backbone is already functional
(charge transport and/or emission) on its own (Fig. 2-
a, top), it is sometimes decorated with a pendant
electroactive group for acquiring additional proper-
ties (Fig. 2a, bottom).'®'® On the other hand, non-
conjugated polymer backbones have repeating units
that are electrically isolated from each other.
Because the polymer backbone is insulating, it is
invariably attached with electroactive groups to
impart charge-transporting and/or emissive proper-
ties to the polymer (Fig. 2b).!°2! In this review,
recent advances (mainly after 2010) in non-conju-
gated polymers employed as emitters in PLED
devices will be discussed, where they can be divided
into three main classes of materials: fluorescent,
phosphorescent and thermally activated delayed
fluorescent (TADF). Their synthetic parameters such
as polymerization method and yield, molecular
weight distribution and purity shall be contrasted
with those of recently reported conjugated polymers
(2011-present). Moreover, the PLED efficiencies and
determining factors such as photoluminescence
quantum yield (PLQY), glass-transition temperature
(T, see Table SIII for symbols used in this review),
and film surface roughness (R) of these two classes of
polymers shall also be contrasted. A literature survey
reveals that such systematic comparison between
non-conjugated and conjugated PLED polymers is
rarely attempted. Therefore, this review shall pro-
vide a useful perspective of understanding the sim-
ilarities and differences between conjugated and non-
conjugated polymers for PLED applications.
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Fig. 1. Chemical structures of PPV and MEH-PPV a), PFO b) and
PVK c).

RECENT ADVANCES IN NON-CONJUGATED
POLYMERS FOR PLED APPLICATIONS

Phosphorescent Polymers

According to spin statistics, 75% of excitons in
OLED devices are triplet in nature whose radiative
transition to the ground singlet state is spin-forbid-
den, and; thus, they are mostly lost as heat.?? In
order to solve this problem, organometallic com-
plexes built with heavy metals such as iridium and
platinum are emglozyed as phosphorescent emitters
in OLED devices.®?%?3 The large spin-orbit coupling
constants ({) of those metals increase the rate of
intersystem-crossing (ISC) to shorten phosphores-
cence lifetime to useful microsecond regimes.®?%2
As a result, phosphorescent OLEDs can achieve
100% internal quantum efficiency (IQE) and devices
showing stellar external quantum efficiencies
(EQEs) of >30% have been reported.®?°

Lai et al. prepared a polystyrene functionalized
with dendronized iridium(III) phosphor (DIr-P1,
Fig. 3) for PLED applications.?® In order to suppress
interchromophore interactions, bulky 1,3-bis(2-
ethylhexyloxyphenyl)phenyl dendrons were deco-
rated to impose steric hindrance around the central
phosphor, which were brought close to one another
by the polymer side chain. Phosphor aggregation is
particularly detrimental to device efficiency because
of enhanced aggregation-caused quenching (ACQ)
and triplet-triplet annihilation (TTA).? It was found
that the dendronized polymer exhibited signifi-
cantly better photophysical properties than the
non-dendronized one (Ir-P1, Fig. 3). For example,
DIr-P1 had ®p;, of 61% and 13% in degassed
dichloromethane (DCM) solution and neat film,
respectively, which were significantly higher than
those of Ir-P1 (®p1,: 23% in degassed DCM and < 1%
in neat film), although it was evident that a certain
extent of aggregation was still present in the
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conjugated backbone
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non-conjugated backbone

electroactive moiety for charge transport/emission

Fig. 2. Polymer with conjugated backbone, which by itself fulfils the purpose of charge transport and/or emission (a, top). Polymer with
conjugated backbone with pendent electroactive moieties for additional desired properties (a, bottom). Polymer with non-conjugated backbone
with pendant electroactive moieties for charge transport and/or emission (b).

Dir-P1

Ir-P1

Fig. 3. Polystyrene containing pendant iridium(lll) phosphor (DIr-P1) functionalized with bulky 1,3-bis(2-ethylhexyloxyphenyl)phenyl dendrons to
suppress interchromophore interactions. Also shown in the inset is the non-dendronized reference polymer (Ir-P1).

former. DIr-P1 showed a green emission with /lpg,
(emission maximum of photoluminescence) at
518 nm with a shoulder at 548 nm in degassed
DCM, and its neat film emission spectrum was
essentially identical. The device [ITO/20 wt.%
DIr-P1 in CBP/TPBI (60 nm)/LiF (0.7 nm)/Al
(>100 nm)] (see Table SII for the chemical nomen-
clature and structures of OLED materials men-
tioned in this review) gave a green Agj, (emission
maximum of electroluminescence) at 520 nm with
CIE at (0.34, 0.62). The maximum EQE of 7.5% was
attained, when device emission became detectable,
and the efficiency roll-off was small so that the EQE

dropped slightly to 6.2% and 5.5% at luminance of
100 and 1000 cd m~? respectively.

Levell and coworkers also reported a similar
dendronized phosphorescent iridium(III) polymer
(DIr-P2, Fig. 4) which had a 2-(2-pyridyl)-1,3,4-
triazole ligand and a norbornenyl polymer backbone
instead of the 2-phenyl-1,3,4-triazole ligand and a
polystyrene backbone in DIr-P1.2” DIr-P2 showed
a green emission with Apy, at 497 nm and a shoulder
at 525 nm in degassed DCM. Its ®p;, of 37% was
slightly lower than that of the reference compound
(DIr-M2, ®p;: 53%), suggesting the presence of
interchromophore interactions in the polymer due
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Fig. 4. Dendronized phosphorescent iridium(lIl) polymer (DIr-P2) based on norbornenyl backbone. Also shown in the inset is the monomer (DIr-

M2) as the reference emitter.

to the close proximity of iridium(III) phosphors
along the polymer chain. Both DIr-P2 and DIr-M2
neat films exhibited emissions slightly red-shifted
by ca. 5-10 nm compared with those in DCM and
their ®p;, values were significantly lowered to 15%
and 13%, respectively. Yet, the ®py, of neat DIr-P2
(15%) was much better than that of the non-
dendronized analogue (< 1%) reported previously,?®
thus proving the effectiveness of the dendrons.
Given that DIr-P2 doped in CBP (20 wt.%) showed
a much improved ®pg, of 52% than the polymer neat
film, it was employed as the emitting layer in the
PLED device [ITO/20 wt.% DIr-P2 in CBP
(~100 nm)/TPBI (60 nm)/LiF (0.7 nm)/Al (100 nm)]
which gave an EQE and a current efficiency of 5.1%
and 16.4 cd A~ respectively, at a brightness of
100 c¢d m 2 under an applied voltage of 15.8 V. The
emission was green with CIE coordinates at (0.32,
0.60).

Given that the aforementioned homopolymers
DIr-P1 and DIr-P2 could not suppress interchro-
mophore interactions completely, even though they
were dendronized, Levell et al. then developed a
copolymerization strategy as a resolution.?? They
prepared a random copolymer (DIr-P1-co-S, Fig. 5)
between DIr-P1 and polystyrene by free-radical
copolymerization. According to nuclear magnetic
resonance (NMR) integration, the molar ratio of
styrene units to the dendronized iridium(III) chro-
mophores was found to be 75:1. In DCM solution,
DIr-Pl1-co-S had the same emission spectrum as

DIr-P1 with Ap;, at 517 nm, which suggested that
the styrene units did not take part in the photo-
physical processes. In addition, DIr-P1-co-S had an
excellent ®py, of 94%, which was comparable to that
of the reference emitter (DIr-M3, ®pr: 92%)
whereas the ®py, of the homopolymer DIr-P1 was
significantly lower (61%).2° Furthermore, the doped
film of DIr-Pl-co-S (20 wt.% in CBP) showed a
much improved ®pr, of 67% compared with the
DIr-P1 case (®pr: 42%). All these results proved
that the copolymerization strategy succeeded in
completely suppressing interchromophore interac-
tions thanks to the styrene units as spacer. Despite
the enhanced photophysical properties of the copoly-
mer, device [ITO/20 wt.% DIr-Pl-co-S in CBP
(~100 nm)/TPBI (60 nm)/LiF (0.7 nm)/Al (>100 nm)]
offered an EQE of 6.7% at a luminance of
100 cd m 2 which was only comparable to that of
the homopolymer DIr-P1 device (EQE: 6.2%).
Indeed, while styrene units in the copolymer were
fully functional in diluting the phosphors, they
were not electroactive, and; hence, the hole mobility
of the copolymer suffered, followed by limited
device performance.

Levell et al. then reported a follow-up study by
replacing insulating styrene units with electroactive
carbazole functionality to boost the hole mobility of
the polymers,®® given poly(N-vinylcarbazole) is a
widely employed hole-transporting material.'* They
prepared a series of random copolymers (Ir-P1-co-
VK, DIr-Pl-co-VK and DDIr-Pl-co-VK, Fig. 6)
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DIr-P1-co-S

DIr-M3

Fig. 5. A copolymer (DIr-P1-co-S) between polystyrene and DIr-P1 where the styrene units acted as spacer to prevent undesirable inter-
chromophore interactions. Also shown in the inset is the reference emitter (DIr-M3).

Ir-P1-co-VK

DIr-P1-co-VK

DDIr-P1-co-VK

Fig. 6. Three copolymers between poly(N-vinylcarbazole) and polystyrene with pendant iridium(lll) phosphors having none (Ir-P1-co-VK), one
(DIr-P1-co-VK) and two (DDIr-P1-co-VK) dendrons on each ligand. Also shown in the inset is the 1,3-bis(2-ethylhexyloxyphenyl)phenyl dendron.

with carbazole to phosphor monomer feed ratios of
55-72 to 1, but the authors could not obtain the
monomer compositions in the resulting copolymers
due to the broadness and significant overlap of NMR
signals. In DCM solutions, Ir-P1-co-VK, DIr-P1-
co-VK and DDIr-Pl-co-VK showed green lp, at
512 nm, 516 nm and 551 nm, respectively, which
were basically identical to those of the

homopolymers (Ir-P1, DIr-P1 and DDIr-P1,
Fig. 7, vide infra),?! implying efficient energy trans-
fer from carbazole moieties to the phosphors. Their
®pr, values were found to be 69%, 64%, and 64%,
respectively, which were lower than DIr-Pl-co-S
(Opr: 94%)* due to back triplet energy transfer
from the phosphors to the carbazole units (poly(V-
vinylcarbazole has a low triplet energy of 2.5 eV).
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Fig. 7. Polystyrenes with pendant iridium(lll) phosphors having none (Ir-P1), one (DIr-P1) and two (DDIr-P1) dendrons on each ligand. Also

shown in the inset is the 1,3-bis(2-ethylhexyloxyphenyl)phenyl dendron.

The device [ITO/50 wt.% DDIr-Pl-co-VK in CBP
(ca. 100 nm)/TPBI (60 nm)/LiF (0.7 nm)/Al
(>100 nm)] gave the best EQE of 14.7% at
100 cd m 2. Devices with the same architecture,
while using neat Ir-Pl-co-VK, DIr-P1-co-VK and
DDIr-Pl1-co-VK as the emitting layers, were also
fabricated, but lower EQEs (10.0-11.0%) were
obtained. Given that ®p;, of neat films of the
copolymers (46-57%) were considerably lower than
that of 50 wt.% DDIr-P1-co-VK doped in CBP film
(®p1,: 73%), it was concluded that the efficiencies of
these devices were determined by the ®pr, values of
the emitting layers.

In addition to copolymerization strategy, Lai and
co-workers proposed a “double-dendron” approach
to solve the interchromophore interaction prob-
lem.?! They contrasted three polymers Ir-P1, DIr-
P1 and DDIr-P1 (Fig. 7) to investigate how the
number of dendrons on the central iridium(III)
phosphor impacted the photophysical properties
and device performances of the polymers. In the
DCM solution, ®pg, of Ir-P1, DIr-P1 and DDIr-P1
were 23%, 61%, and 67%, respectively, while their
neat films all showed diminished ®p;, of <1%,%¢
13%, and 47%, respectively. These results demon-
strated a clear trend that increasing the number of
dendrons on the phosphor effectively suppressed
interchromophore interactions in the polymers. It is
worth noting that while Ir-P1 and DIr-P1 had very
similar emission energies (DIr-P1 /p;: 518 nm), the

Apr, of DDIr-P1 was significantly red-shifted by ca.
30 nm to 551 nm, as a result of effective conjugation
length increase in the ligands. A PLED device [ITO/
DDIr-P1 (75 nm)/TPBI (60 nm)/LiF (0.7 nm)/Al
(>100 nm)] gave a yellow emission with CIE at
(0.48, 0.51). An EQE of 9.2% was achieved at
100 cd m 2 with a low efficiency roll-off so that the
EQE dropped slightly to 8.4% at 1000 cd m 2. On
the other hand, a device with same structure based
on DIr-P1 gave a lower EQE of 6.2% at 100 c¢d m 2
even though the polymer was doped in CBP host
(20 wt.%), hence, proving the effectiveness of the
dendrons.

Lai and co-workers also synthesized a series of
similar polymers (Ir-P3, DIr-P3 and DDIr-P3,
Fig. 8) whose backbone was derived from nor-
bornene usin§ ring-opening metathesis polymeriza-
tion (ROMP).?? The key merit of these polymers was
their narrower polydispersity index (PDI) of ca. 1.4
than those with polystyrene backbone (Ir-P1, DIr-
P1 and DDIr-P1)3! prepared by free-radical copoly-
merization (e.g., DDIr-P1 had a PDI as high as 4).
PLED performances based on conjugated golymers
have been found to depend on their PDIs.?3** In line
with the results obtained from polystyrene ana-
logues (Ir-P1, DIr-P1 and DDIr-P1),*! it has been
shown a clear positive correlation between the
number of dendrons on the ligands and the ®py, of
the polymers both in solution and neat films. For
example, ®py, of Ir-P3, DIr-P3 and DDIr-P3 in
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Fig. 8. Polymers with norbornene-derived backbone by ring-opening metathesis polymerization (ROMP) with pendant iridium(Ill) phosphors
having none (Ir-P3), one (DIr-P3) and two (DDIr-P3) dendrons on each ligand. Also shown in the inset is the 1,3-bis(2-ethylhexy-

loxyphenyl)phenyl dendron.
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Poly(M6-MA-co-Ir-2C-MA)

Fig. 9. A random copolymer (Poly(M6-MA-co-Ir-2C-MA)) between
carbazole-pyrimidine based host and pendant Ir(ppy)s phosphor with
a methyl methacrylate backbone for single-layer PLED applications.

DCM solutions were 48%, 65%, and 71%, respec-
tively. In neat films, their values were lowered to
2,% 44%, and 58%, respectively. However, no PLED
devices were fabricated in this study.

Page et al. very recently reported a library of
random copolymers consisting of a carbazole-pyrim-
idine bipolar host and a pendant Ir(ppy)s phosphor
for PLED applications (the best performing copoly-
mer among the serles Poly(M6-MA-co-Ir-2C-MA),
is shown in Fig. 9).2 They found that the PLQYS of
the polymer neat films decreased with increasing
Ir(ppy)s phosphor concentrations (0.5-29 mol.%),
suggesting the presence of undesirable interchro-
mophore interactions in the film when the phosphor
content became more concentrated, which is consis-
tent with the observations reported in the afore-
mentioned studies.?”?3! Although the copolymer
with 0.5 mol.% Ir(ppy)s phosphor exhibited the best
PLQY of 81% among the series, a minimum of
3 mol.% phosphor was required to complete the
energy transfer from the host to the dopant. Thanks
to the bipolar characteristics of the host to facilitate
both hole and electron injections and transport, a
single-layered PLED [ITO/AQ1200/Poly(M6-MA-
co-Ir-2C-MA) (~30 nm)/LiQ (2 nm)/Al (100 nm)]
was fabricated, where a 6 mol.% phosphor was
found to show the best compromise between PLQY
and charge transport in the polymeric emitting
layer. The device gave a green emission (Agr;:
~520 nm) with a maximum current efficiency of
3.6cd AL
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Fig. 10. Two random copolymers of styrene and a cationic irid-
ium(lll) phosphor with PFg~ as the counter anion (Ir-P4-2 and Ir-P4-
5). The n-n stacking between the non-coordinating pyridine moiety of
the terpyridine ligand and the pyridine ring of adjacent phenylpyridine
ligand is highlighted in blue, which results in enhanced emitter sta-
bility.

Dumur and co-workers reported a series of two
random copolymers of styrene and a cationic irid-
ium(IIT) phosphor with PFg~ as the counter anion
(Ir-P4-2 and Ir-P4-5, Fig. 10, which contained
2 mol.% and 5 mol.% of phosphor, respectively).?®
A distinct feature of the pendant iridium(III) com-
plex was the strong n-n stacking between the non-
coordinating pyridine moiety of the terpyridine
ligand and the pyridine ring of adjacent phenylpyr-
idine ligand, hence, creating a steric bulk around
the complex to decrease its accessibility to nucle-
ophilic quenchers and increase its stability.?” Being
ionic, Ir-P4-2 and Ir-P4-5 had the potential for
light-emitting electrochemical cell (LEEC) applica-
tions. LEEC is an alternative to OLED as a light-
emitting device, which enjoys a simpler device
architecture and fabrication procedure, because it
is usually single-layered and has the ionic emittinf_lr
layer spun-coated on the anode substrate.®®™*
Furthermore, air-stable cathodes (e.g., Al*® and
Ag*!) can be employed for LEEC devices to reduce
device encapsulation cost. Ir-P4-2 and Ir-P4-5 were
synthesized by nitroxide mediated polymerization
(NMP) so that they had low PDIs of 1.16 and 1.17,
respectively. Ir-P4-2 and Ir-P4-5 neat films gave
green Apr, at 539 nm and 553 nm, respectively,
suggesting more prominent chromophore aggrega-
tion in the latter due to its higher phosphor
concentration. Blend films of Ir-P4-2 and Ir-P4-5

Wong

with poly(V-vinylcarbazole) (w/w = 1:1) resulted in
slightly blue-shifted /p;, at 526 nm and 532 nm,
respectively. However, no ®py, data were reported. It
was found that only Ir-P4-5 was able to function in
light-emitting devices, whereas Ir-P4-2 failed to
give any emissions because the concentration of
insulating styrene units was too large for efficient
charge hopping in the polymer. LEEC device [ITO/
PEDOT:PSS (40 nm)/PVK/Ir-P4-5/Ca (300 nm)]
offered a luminance of 70 cd m 2 under high voltage
of 24 V. On the other hand, an OLED device [ITO/
PEDOT:PSS (40 nm)/50 wt.% Ir-P4-5 blend with
PVK/Ca (300 nm)] gave a poor luminance of
5cd m 2 at 30 V.

Shao and co-workers prepared a series of polymer
(Ir-P5-x, Fig. 11) based on a fluorinated poly(ar-
ylene ether phosphine oxide) backbone with varying
concentrations of pendant yellow phosphor (fbi)Ir(-
acac) (1-4 mol.%).*> The key merit of the polymer
backbone is its bipolar characteristics with the
highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO)
levels at —5.7 eV and —2.3 eV, respectively, due to
the presence of carbazole donor and triphenylphos-
phine oxide acceptor moieties, yet maintaining a
high triplet energy (Et) of 2.96 eV. The authors
attributed the high triplet energy to the electronic
isolation effect of the oxygen atoms. A series of
polymers were prepared with varying compositions
of (fbi)gIr(acac) (1-4 mol.%). In photoluminescence
measurements, it was found that a minimum con-
centration of 4 wt.% (fbi)sIr(acac) in the polymer
was required to attain almost complete Forster
energy transfer from the host to the phosphor.
However, a lower amount of 2 wt.% of (fbi)sIr(acac)
was required in electroluminescence to achieve this
due to charge trapping by the yellow phosphor,
given its shallower HOMO level (—5.1 eV) and
deeper LUMO level (—2.7 €V) than those of the
host. The best PLED device [ITO/PEDOT:PSS
(40 nm)/Ir-P5-0.03 (40 nm)/TPCz (50 nm)/LiF
(1 nm)/Al (100 nm)] offered Agr, at 566 nm and CIE
at (0.53, 0.46) with an EQE of 4.1% and a current
efficiency of 10.4 cd A~'. The group also simultane-
ously reported an identical polymer system with
pendant blue phosphor (Flrpic) whose device [ITO/
PEDOT:PSS (40 nm)/polymer (40 nm)/TPCz
(50 nm)/LiF (1 nm)/Al (100 nm)] achieved a decent
EQE of 9.0%.*3

The group then extended the work by combining
the blue and yellow phosphors to prepare a bichro-
mophoic polymer for white PLED applications
(Ir-P5-x-y, Fig. 12). By carefully tuning the relative
compositions of the blue (x mol.%) and yellow (y
mol.%) ghosphors, white emission could be
obtained.** The high triplet energy of the host
(2.96 eV) was particularly important to prevent
back energy transfer from the blue phosphors (Er:
2.65 eV). The best white PLED [ITO/PEDOT:PSS
(40 nm)/Ir-P5-0.075-0.007 (40 nm)/TPCz (50 nm)/
LiF (1 nm)/Al (100 nm)] attained an EQE and a
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Fig. 11. A polymer based on a fluorinated poly(arylene ether phosphine oxide) backbone with varying concentrations of pendant yellow phosphor

(Ir-P5-x, x: 0.01-0.04).
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Fig. 12. A bichromophoic polymer (Ir-P5-x-y) containing x mol.% and y mol.% of blue and yellow phosphors for white PLED applications.

current efficiency of 7.1% and 18.4 cd A~ respec-
tively, with CIE at (0.31, 0.43).

Park and co-workers developed a series of blue
(Ir-P6(mCP-co-B)), green (Ir-P6(CBP-co-G)) and
red (Ir-P6(CBP-co-R)) phosphorescent copolymers
for PLED applications (Fig. 13).*> The copolymers
consisted mainly of host with a small amount of
respective phosphors [mCP for blue FIracac; CBP
for both green (ppy)z2Ir(acac) and red (btp)sIr(acac)].
Phosphor compositions: 1.7-13.9 mol.%. Vinyl addi-
tion polymerization of norbornene-functionalized
monomers using Pd(II) catalysis produced high
molecular weight polymers (M,: 151-457 kDa).

The copolymers demonstrated excellent thermal
stabilities (Tgs > 330°C). In solutions, all the
copolymers showed both high-energy emissions
(ca. 350—400 nm) from the hosts and low-energy
emissions from the phosphors. However, the emis-
sion spectra of the copolymer neat films were mainly
contributed by the phosphors. These results indi-
cated that energy transfer from host to the phosphor
was much more efficient in neat film compared with
that in solutions. All the copolymers were tested
for PLED performances with the device structure:
ITO/PEDOT:PSS (40 nm)/copolymer/(40 nm)/TPBI
(15 nm)/Bphen (35 nm)/LiF (1 nm)/Al (100 nm). The
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Fig. 13. Three series of blue (Ir-P6(mCP-co-B)), green (Ir-P6(CBP-co-G)) and red (Ir-P6(CBP-co-R)) phosphorescent copolymers of host

monomers and respective phosphors.

Molecular weight controls block length

r
.. .N
~ "N N
\Iz\\/;

N J
Y

Blue poly(TPA) block

Red poly(OXD) block
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Fig. 14. A biphasic white-emitting block copolymer, Ir-P7(10B-co-xR-MW), consisting of poly(TPA) copolymerized with blue phosphor (always
10 wt.%) and poly(OXD) with varying amount of red phosphors (x = 0.1-2 wt.%). The molecular weight of the polymer is the key factor for

successful site isolation.

best blue device was offered by the polymer with
10.5 mol.% phosphor, which gave Ag, at 488 nm with
an EQE of 8.8%. On the other hand, the best green
and red devices were fabricated with polymers with
5.3 mol.% and 13.9 mol.% phosphors, respectively,
which showed /g1, at 522 nm and 619 nm with EQEs
of 13.3% and 5.1%, respectively.

Poulsen et al. employed a strategy of biphasic
block copolymer (Ir-P7(10B-co-xR-MW), Fig. 14) to
achieve site isolation in which energy transfer from
the high-energy phosphor to the low-energy one

could be controlled so that white emission could be
generated.*® The first block consisted of poly(TPA)
randomly copolymerized with a small amount of
blue phosphor (10 wt.%) while the second block
contained poly(OXD) randomly copolymerized with
an even smaller amount of red phosphor (0.1-
2 wt.%). The two blocks were always of the same
length to allow systematic study of how block length
impacted the morphological properties of the poly-
mer. It was found that the molecular weight of the
polymer (i.e., block length) was critical to the
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PS-PERY-8: n/m=24

PS-PERY-16: n/m=76

Fig. 15. Two copolymers of styrene and a red-emitting PDI chro-
mophore, PS-PERY-8 and PS-PERY-16 with 4 mol.% and
1.3 mol.% of PDI units in a polymer chain, respectively. Also shown
in the inset is a green-emitting polymer TPD-FLU.

success of site isolation. For example, a copolymer
with a low number average molecular weight (M)
of 30 kDa did not show any phase separation under
the examination of transmission electron micro-
scopy (TEM). However, copolymers with higher M,
from 100 kDa to 150 kDa demonstrated well-sepa-
rated domains with clear nano-sized lamellar mor-
phology. A single-layer white PLED [ITO/Ir-
P7(10B-co-1R-100)/LiF (1 nm)/Al (100 nm)] using
a copolymer of 100 kDa molecular weight with blue
to red phosphor ratio of 10% to 1% gave the best
EQE of 1.5%. Consistent with the TEM results, for a
given ratio of blue to red phosphor (10% to 1% or
10% to 0.5%), the contribution of red emission fell
when the molecular weight of the polymers
increased. Yet, no CIE coordinates of the emissions
were reported.

From the phosphorescent polymers discussed, it
can be observed that both dendrimer and copoly-
merization approaches managed to reduce inter-
chromophore interactions along the polymer chain
to improve the photophysical properties of the
polymers, and a combined use of these two strate-
gies helped to create the optimal device. For exam-
ple, the highest EQE obtained by DDIr-P1-co-VK
copolymer was 14.7%,>° nearly 50% higher than
that of DDIr-P1 homopolymer (EQE: 9.2%).?' One
likely reason is that the 1,3-bis(2-ethylhexy-
loxyphenyl)phenyl dendron was neither a p-type
nor a n-type moiety, and; hence, charge transport in
the emitting layer was hampered. A similar phe-
nomenon has been observed in DIr-Pl-co-S in
which the insulating styrene units limited the
device efficiency as a result of compromised charge
mobility.?? Two strategies for white PLED have

been discussed: biphasic Ir-P7(10B-co-xR-MW) for
chromophore isolation*® and concentration control
of the high-energy and low—enerﬂr phosphors in
(Ir-P5-x-y) for mutual emission.”® The achieved
EQEs were 1.5% and 7.1%, respectively. Another
strategy for site isolation is to employ dendritic
structure in the polymer*”*® which is worth a future
research effort.

Fluorescent Polymers

Fluorescent emitters are typically made of light
elements (C, H, O, N, etc.), and; therefore, the vast
majority of them are organic materials. Unlike
phosphorescent organometallic complexes, most flu-
orescent emitters have very slow intersystem-cross-
ing (ISC) rates, and; hence, only the singlet excitons
can emit. As a result, the maximum IQE achievable
is 25%. Assuming lambertian emission, which
results in an outcoupling efficiency of about 20%,
the maximum EQE of fluorescence devices will be
25% x 20% = 5%.*° However, the main advantage
of fluorescent emitters over phosphorescent coun-
terparts is the employment of economical organic
materials instead of expensive rare metal
complexes.

Perylene diimide is an ideal red chromophore
with excellent quantum efficiency in dilute solution
and supreme photochemical stability.’® However,
due to its largely planar structure, intermolecular
face-to-face stacking results in severe aggregation-
caused quenching (ACQ).?! Therefore, Kozma et al.
prepared two random copolymers of styrene and a
red perylene diimide chromophore (PS-PERY-8
and PS-PERY-16, Fig. 15) by nitroxide mediated
radical polymerization (NMP) in which the styrene
units acted as an inter-chromophore spacer.”’ PS-
PERY-8 and PS-PERY-16 contained 4 mol.% and
1.3 mol.% of perylene diimide units respectively in a
polymer chain. Both copolymer neat films showed a
broad emission from 500 nm to 700 nm, but PS-
PERY-16 exhibited a better ®p;, of 83% than PS-
PERY-8 (®p;,: 68%) which can be explained by more
effective suppression of aggregation-caused quench-
ing (ACQ) in PS-PERY-16 due to its higher styrene
content. This was further evidenced by the much
lower ®p;, of 23% when polystyrene film was
blended with the corresponding amount (4 mol.%
or 1.3 mol.%) of perylene diimide vinyl monomer.
Instead of a PLED device, a hybrid one was
fabricated, where a commercial blue light-emitting
diode (Osram) was employed to provide blue light
and to act as the excitation light source for a known
green polymer (TPD-FLU), and the aforementioned
red polymer PS-PERY-16, resulting in a white light
device with an EQE and power efficiency of 5% and
28 Im W' respectively. The CIE coordinates were
(0.31, 0.34) and the color-rendering index (CRI) was
83.

Wang and Leung reported two novel blue fluores-
cent polymers P(2ADN) and P(3ADQ)*? where the
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Fig. 16. Blue fluorescent polymers P(2ADN) and P(3ADQ). Also shown in the inset are their reference compounds, 2MADN and 3MADQ.
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Fig. 17. The deep-blue homopolymer of 9,10-di(2-naphthalenyl)anthracene, P(ADN), and its random copolymers with styrene, P(ADN-co-S),

and carbazole, P(ADN-co-VK).

former was derived from the well-noted blue emitter
2MADN®? (Fig. 16). P(2ADN) and P(3ADQ) exhib-
ited very high glass-transition temperatures (7s) of
343°C and 298°C, respectively. Interestingly,
P(BADQ) could be dissolved in ethanol/water mix-
ture (v:v = 1:1) despite its high composition of
hydrophobic aromatic rings and alkyl side chain,
which was likely the result of extensive hydrogen-
bonding between the pyridine-type nitrogen atoms
and the protic solvents. P(2ADN) and P(BADQ)
showed /pr, at 443 nm and 452 nm in THF, respec-
tively, both slightly red-shifted compared with their
reference compounds (2MADN: Ap;, at 426 nm and
3MADQ: /p1, at 436 nm) which was attributed to
the enhanced aggregation of chromophore brought
into close proximity by the polymer side chains. In
addition, P(2ADN) and P(BADQ) exhibited signif-
icantly lower ®p;, of 43% and 24%, respectively,
than their reference compounds (80% and 41%,
respectively), further suggesting the presence of
chromophore aggregation in the polymer. Neat films
of P(2ADN) and P(BADQ) emitted in deep-blue
regions with lp;, at 448 nm and 453 nm, respec-
tively. PLED devices (ITO/MoOs/P(2ADN) or

PBADQ)/LiF/Al) were fabricated, but the perfor-
mances were poor and no device data were reported.
The authors attributed the poor efficiency to very
low hole moblhtles of the polymers Whlch were in
the order of 107 and 10 ® cm? V!

Wang et al. then reported a homopolymer
P(ADN)** (Fig. 17) based on a known deep blue
emitter, 9,10-di(2-naphthalenyl)anthracene® and a
series of random copolymers with styrene P(ADN-
co-S) or carbazole P(ADN-co-VK) (Fig. 17). All the
polymers had high T,s (203-237°C) which did not
change significantly with monomer composition.
The homopolymer P(ADN) exhibited a deep-blue
emission in tetrahydrofuran (THF) with Ap;, at
423 nm and 442 nm and a decent ®py, of 40%. When
the compositions of styrene or carbazole increased
in P(ADN-co-S) and P(ADN-co-VK), respectively,
their emission profiles became slightly blue-shifted
by ca. 5-10 nm, suggesting the presence of chro-
mophore aggregation in the homopolymer P(ADN),
similar to the aforementioned P(2ADN) and
P(3ADQ)"? (Fig. 16). This was further evidenced
by the gradual ®py, increase of P(AND-co-S) from
40% to 58%, when the composition of styrene
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P(VPy)
Fig. 18. Homopolymers based on pyrene, P(VPy), and 1-(N,N-diphenylamino)pyrene, P(PyPA), and their copolymers, P(PyPA-co-VPy).

P(PyPA)

oty

P(PyPA-co-VPy)

increased, which acted as a spacer and effectively
prevented chromophore aggregation. However, the
opposite was observed for P(AND-co-VK), probably
due to the stacking of the carbazole units with ADN
chromophores. Indeed, pendant carbazole groups in
poly(N-vinylcarbazole) can interact with each other
in the excited state and give excimer emissions.”®
Unfortunately, the PLED device [ITO/MoOs3
(20 nm)/P(ADN)/LiF (1 nm)/Al (100 nm)] per-
formed poorly with luminance at only ca. 30-
50 cd m 2 even at applied voltage as high as 18 V.
The authors attributed the poor performance to the
low hole mobility (4.7 x 10 8 em? V-1s1) of
P(ADN).

Although pyrene is an efficient deep-blue emitter
and has been frequently employed in OLED appli-
cations, the largely planar aromatic hydrocarbon is
very prone to undesirable excimer formation.®’~5°
As a result, even in very dilute solution poly
(1-vinylpyrene) (P(VPy), Fig. 18) shows an exclu-
sively green emission with Apy, at 491 nm and a low
®p;, of 13% due to excimer emission of pyrene
moieties brought into a close distance by the
polymer side chain.®! In order to solve this problem,
Wang et al. prepared a novel polymer P(PyPA)
(Fig. 18) where the propeller structure of dipheny-
lamino group was used to induce steric hindrance
around the pyrene moiety to suppress excimer
formation.®! This strategy proved to be successful
so that P(PyPA) showed a slightly red-shifted Apr,
at 475 nm in THF compared with the reference
compound 1-(N,N-diphenylamino)pyrene (PyPA,
/p1: 460 nm). The ®p;, of P(PyPA) (48%) was also
comparable to that of PyPA (®pr: 61%). A series of
copolymers of pyrene and PyPA, P(PyPA-co-VPy)
(Fig. 18), were also synthesized, and it was found
that increasing pyrene content gradually red-
shifted the emission, suggesting more prominent
excimer formation of the pyrene moieties in the
polymer. Interestingly, all the copolymers had the
same ®py, of 51%. They all showed very similar T,s
(190-197°C) too. PLED devices [CFx-treated ITO/
P(PyPA) or P(VPy) or P(PyPA-co-VPy) (50—
60 nm)/TPBI (20 nm)/LiF (1 nm)/Al (100 nm)] were
fabricated and P(PyPA) gave the best current

Fig. 19. Isotactic poly(N-pentyl-carbazole) (i~-PPK) for white PLED
application.

efficiency of 1.1 cd A1, but with a green /g, at ca.
521 nm.

Tacticity controls the stereoregularity of the
polymer and its interchain stacking behaviours
and, hence, can be important in PLED. For exam-
ple, syndiotactic poly(diphenylaminostyrene) was
found to exhibit higher hole drift mobility than
isotactic ones.®? Botta and co-workers prepared an
isotactic poly(N-pentyl-carbazole) (i-PPK, Fig. 19)
by a homogeneous Ziegler-Natta catalytic system of
rac-[(CH3)oSi(indenyl)s]ZrCl, and methylallumox-
ane (MAO) in toluene at 20°C.%® Interestingly, i-
PPK film showed a broad emission spectrum from
350 nm to 600 nm, probably due to the presence of
singlet and triplet excimers similar to the case of
poly(N-vinylcarbazole).?® Given the broad emission,
i-PPK was an ideal candidate for white PLED
device [ITO/PEDOT:PSS (40 nm)/i-PPK (70 nm)/
BCP (10 nm)/Alqs (10 nm)/Ca (30 nm)/Al (70 nm)]
which gave a broad electroluminescence spectrum
covering from 400 nm to 800 nm with three peaks at
420 nm, 520 nm, and 620 nm. However, the effi-
ciency was low and no numerical data were
reported.

Cappelli et al. reported two interesting n-stacked
polybenzofulvenes decorated with triphenylamine
donor for PLED applications (Poly-6-TPA-BF3 k
and Poly-4-TPA-6-MO-BF3 k, Fig. 20).°* Other
similar n-stacked polymers include polsy(dibenzoful—
vene)s®* %7 and polyvinylsilafluorene®® which have
been applied in organic field-effect transistor and
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Poly-4'-TPA-6-MO-BF 3k
Fig. 20. Two n-stacked polybenzofulvenes decorated with triphenylamine donor (Poly-6-TPA-BF3 k and Poly-4’-TPA-6-MO-BF3 k) for PLED

nanofuse applications, respectively, but not in
PLEDs. An unusual spontaneous polymerization
(repeated concentration of monomer solutions in
chloroform under reduced pressure for five times,
then precipitation in ethanol) was employed to
produce Poly-6-TPA-BF3 k and Poly-4’-TPA-6-
MO-BF3 k which had high M, of 233 kDa and
353 kDa as well as PDI of 2.6 and 2.7, respectively.
Neat films of Poly-6-TPA-BF3 k and Poly-4’-TPA-
6-MO-BF3 k showed /p;, at 542 nm and 478 nm
with ®p;, of 23% and 9%, respectively. PLED
devices [ITO/PEDOT:PSS (50 nm)/Poly-6-TPA-
BF3k (210 nm) or Poly-4-TPA-6-MO-BF3 k
(214 nm)/Ba (8 nm)/Al (70 nm)] gave poor EQEs of
0.008% and 0.0015%, respectively.

Most of the non-conjugated fluorescent polymers
in this survey performed poorly in PLED devices.
One main reason is their inability to utilize dark
triplet excitons in the device, which constitute as
large as 75% of total excitons. Thanks to the recent
advances of thermally activated delayed fluores-
cence (TADF) mechanism®"? (vide infra) which
allow purely organic materials to recruit dark
triplets and ,hence, achieve 100% IQE, it is expected
that the 1st generation fluorescent emitters will
soon fade.

Thermally Activated Delayed Fluorescence
(TADF) Polymers

TADF is the third generation OLED mechanism,
which utilizes the dark triplet excitons by thermally
up-converting them to emissive singlet excitons via
reverse intersystem-crossing (RISC) as a result of a
vanishingly small energy gap (AEgr) between the
lowest singlet state (S1) and the lowest triplet state
(T1).5%" The key merit of the TADF mechanism is
to allow purely organic emitters made of light
elements (C, H, O, N etc.) to achieve comparable
EQE (20-30%) to the expensive second generation
phosphorescent emitters made of rare heavy metals
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Fig. 21. Composition of the first TADF polymer (TADF-P1) which
consists of 5 mol.% triphenylamine donor, 50 mol.% 1,3,5-triazine
acceptor and a 45 mol.% backbone with an insulating n-butyl link-
age. Adapted with permission from Ref. 77. Copyrighted by Wiley.

such iridium and platinum.®®%"® Currently, the
vast majority of TADF emitters are small molecules
with devices that were fabricated by the costly
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Fig. 22. Chemical structures of non-conjugated and conjugated TADF copolymers (TADF-P2 and TADF-P3, respectively) reported by Nobuyasu
and co-workers. Also shown in the inset is the prototypical TADF emitter PTZ-DBTO2. Adapted with permission from Refs. 21 and 80.

Copyrighted by the American Chemical Society and Wiley.

vacuum thermal evaporation technique®”">"? with
a few exceptions.”>’® Polymeric emitters, on the
other hand, are solution-processable and enjoy more
facile device fabrication procedure.

Unexpectedly, it took 4 years after the pioneering
study of the organic TADF emitter in 201176 for the
first TADF polymer to be reported by Nikolaenko
and co-workers who prepared TADF-P177 (Fig. 21)
with a TADF chromophore that is very similar to
that of DPA-TRZ"® reported by Shizu and co-
workers. The polymer consists of 5 mol.% tripheny-
lamine donor, 50 mol.% 1,3,5-triazine acceptor and
a 45 mol.% backbone unit with an insulating
n-butyl linkage. The much higher composition of
the 1,3,5-triazine acceptor serves to balance the hole
and electron mobilities of the polymer so that the
recombination zone could be located near the center
of the polymeric emitting layer. The insulating n-
butyl linkage in the backbone unit is important
because it limits conjugation length to avoid gener-
ating triplet traps in the polymer.”® The polymer
neat film showed /p;, at 540 nm and ®p;, of 44%,
with a considerably small AEgr of 0.22 eV. PLED
device [ITO (45 nm)/PEDOT:PSS (65 nm)/interlayer
(40 nm)/TADF-P1 (80 nm)/NaF (2 nm)/Al (100 nm)/
Ag (100 nm)] gave a green Ag, at ~530 nm and CIE
at (0.32, 0.58) with an EQE of 10.0%. Yet, the
authors did not report any characterization data
(nuclear magnetic resonance (NMR) spectroscopy,
infrared (IR) spectroscopy, gel-permeation chro-
matography (GPC), etc.) of their polymer.

Nobuyasu et al. designed a novel TADF emitter
PTZ-DBTO2 (Fig. 22) whose crystal structure
showed a nearly perpendicular arrangement between
the phenothiazine donor and the dibenzosulfone
acceptor moieties.® As a result, the HOMO and
LUMO are largely separated, resulting in a AEgr as
small as 0.018 eV. Two different types of copolymers,
non-conjugated TADF-P2 (copolymerized with styr-
ene, Fig. 22) and conjugated TADF-P3 (copolymer-
ized with dibenzothiophene, Fig. 22), containing the
PTZ-DBTO2 chromophore, were synthesized. Both

TADF-P2 and TADF-P3 neat films showed Jpf, at
565 nm but the authors did not report any ®pr, data
of PTZ-DBTO2 and the two copolymers. Indeed, the
absorption of PTZ-DBTO2 in toluene showed little
sign of intramolecular charge-transfer (ICT) contri-
bution, suggesting very limited overlap between the
frontier molecular orbitals, which should result in a
small transition dipole moment and, hence, a slow
radiative rate constant (%,).”>%! TADF-P2 was
applied as a dopant in the small-molecule CBP host
(10 wt.%) while TADF-P3 also doped in PBD and
PVK at a weight ratio of 1:4:5. Devices of TADF-P2
[ITO/PEDOT:PSS (40 nm)/10 wt.% TADF-P2 in
CBP (25 nm)/TPBi (50 nm)/LiF (1 nm)/Al (100 nm)]
and TADF-P3 [ITO/PEDOT:PSS (40 nm)/10 wt.%
TADF-P3 and 40 wt.% PBD in PVK (25 nm)/TPBi
(50 nm)LiF (1 nm)/Al (100 nm)] gave EQEs of 2.3%
and 11.1%, respectively, but no information about the
emission colors was given.

A follow-up study by the same group investigated
the impact of styrene content in a series of copoly-
mers of styrene and PTZ-DBTO2 chromophore on
their photophysical properties and device perfor-
mance.?! A homopolymer of PTZ-DBTO2 was also
synthesized and studied. It was found that, with
increasing styrene composition in the polymers, the
contribution of the delayed fluorescence became
more significant due to suppressed triplet-triplet
annihilation (TTA) because the concentration of
PTZ-DBTO2 chromophore in the polymer was
diluted. Polymer with the lowest PTZ-DBTO2
composition (37 mol.%, i.e., TADF-P2) exhibited
the smallest AEgt of 0.35 eV, while other polymers
(46 mol.%, 67 mol.%, and 100 mol.% PTZ-DBTO02)
had larger values (0.40-0.46 eV). Again, no ®pf,
data were reported. Similar to their previous
study,®® all the polymers were doped in a small-
molecule host (10 wt.%) but this time mCP was
employed due to its much higher triplet energy
(2.9 eV) than that of CBP (2.56 eV) in order to
confine triplet excitons on the PTZ-DBTOZ2 chro-
mophore so that undesirable TTA and host
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Fig. 23. Chemical structures of cross-linkable orange-red emitter FVIN-A and its noncross-linkable reference FVIN.

quenching could be minimized. Device (ITO/PED-
OT:PSS (40 nm)/10 wt.% TADF-P2 in mCP
(45 nm)/TPBi (30 nm)/LiF (1 nm)/Al (100 nm)
exhibited the highest EQE of 20.1% among all
polymers, which was far better than using CBP as
host (EQE: 2.3%).%° As expected, the device EQEs
showed a clear positive correlation with styrene
content. For example, the homopolymer of PTZ-
DBTO2 chromophore gave a low EQE of 1.4% only.

The best performing non-conjugated TADF polymer
in this review is TADF-P2 with a device that gave an
EQE of 20.1%,* yet it should be noted that the
polymer was doped in a large amount (90 wt.%) of
small-molecule mCP host as the emitting layer. On
the other hand, neat TADF- P1 as the emitting layer
gave a decent EQE of 10%.”" Intuitively, TADF
polymers should be based on a non-conjugated back-
bone to prevent triplet trap formation as triplet energy
has been known to decrease razpldly with increasing
effective conjugation length.”®** However, there have
been several reports of conjugated TADF polymers
with chromophores either E'graftedgg’ 84 or built-in along
the polymer main-chain® and most of them per-
formed nicely in PLED devices (EQE: 2.2-16.1%). Wei
et al. recently demonstrated how a TADF-inactive
carbazole-based monomer could be turned into a
TADF actlve macromolecule (macrocycle or poly-
mer).®® These results suggest that TADF polymers
can be constructed with either conjugated or non-
conjugated backbones, and they perform equally well.

Cross-Linked Polymers

Much research effort has been devoted to all-
solution-processed devices (i.e., every organic layer

in the device is deposited by a wet grocess) to
51gn1ﬁcantly reduce fabrication cost.?*°° However,
the main obstacle is the dissolution of the previous
organic layer by the solvent used for the deposition
of the current layer. One resolution is to first spin-
cast cross-linkable materials on the substrate fol-
lowed by thermal-°! or photo-induced®®%® cross-
linking so as to transform them into an insoluble
polymeric layer. The main advantage of the cross-
linking approach over other methods such as use of
orthogonal solvent’® and polyelectrolyte route® is
that the intractable cross-linked layer is resistant to
all organic solvents. On the other hand, in some
cases thermal- or photo-induced cross-linking can
cause damage to the organic materials of the
device.”

Derue et al. prepared a cross-linkable orange-red
emitter FVIN-A (Fig. 23) which generated an excel-
lent film after ultraviolet irradiation with a R, (root-
mean-square surface roughness) as low as 0. 7 nm.’
The film showed a Apy, at 635 nm with a high ®py, of
37%. An all-solution-processed device [ITO/PED-
OT:PSS (40 nm)/QUPD (35 nm)/FVIN-A (25 nm)/
TPBI (50 nm)/LiF (1 nm)/Al (100 nm)] showed /g,
and CIE at 600 nm and (0.54, 0.45), respectively,
where QUPD is a commercial cross-linkable hole-
transporting material first reported by Yang and co-
workers.”® A rather weak EQE of 0.30% was
obtained, which is attributed to low density of
electroactive content in the cross-linked FVIN-A
film due to its incomplete photopolymerization, and;
therefore, charge transport in the film was seriously
hampered. A reference device with thermally depos-
ited FVIN and TPBI layers with identical device
architecture and thickness showed similar
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Fig. 25. Chemical structures of cross-linkable monomers DV-CDBP (as host) and DV-MOS-DPS (as TADF chromophore). Also shown in the
inset is the DMCO-DPS prototype.®” Adapted with permission from Refs. 91 and 97. Copyrighted by the Royal Society of Chemistry.

efficiency (EQE: 0.37%) to the all-solution-processed
analogue.

Liaptsis and co-workers applied the “double-
emission layers” (DEL) strategy in their all-solu-
tion-processed phosphorescent device.”> In DEL

design, two emitting layers with different hosts
are fabricated adjacent to each other so that charge
carriers can be confined at their interface in order to
prevent exciton leakage into other undoped layers.
Two cross-linkable hosts (X-H1 and X-H2, Fig. 24)
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Fig. 26. The preparation of blue and red phosphorescent polymeric particles by miniemulsion copolymerization to achieve site isolation for white

OLED application.

and phosphor (X-IrG3, Fig. 24) functionalized with
oxetane groups were prepared. Doped films of X-
IrG3 (8 wt.%) in X-H1 and X-H2 showed excellent
®py, of 86% and 90%,respectively, under excitation
at 355 nm. All-solution-processed device [ITO/PED-
OT:PSS (35 nm)/X-TAPC (10 nm)/8 wt.% X-IrG3:X-
H2 (20 nm)/8 wt.% X-IrG3:X-H1 (20 nm)/TPBI
(40 nm)/CsF (2 nm)/Al (100 nm)] gave a green-yel-
low Agr, at 530 nm and a shoulder at ca. 570 nm
with a maximum current efficiency of 33.5 cd A~ 1.
Devices employing a single emission layer with
X-H1 and X-H2 as hosts gave com?arable maximum
current efficiencies of 29.1 cd A™! and 34.4 cd A !
respectively.

Sun et al. prepared a cross-linkable deep-blue
thermally activated delayed fluorescence (TADF)
emitter DV-MOC-DPS®! derived from the DMOC-
DPS®" prototype reported by Adachi’s group
(Fig. 25). A cross-linkable host DV-CDBP with a
high triplet energy of 2.95 eV to prevent back
energy transfer from the deep-blue dopant was also
synthesized. It was found that cross-linked film of
9 wt.% DV-MOC-DPS:DV-CDBP exhibited the
highest ®p;, of 71% among other ratios (6 wt.%
and 12 wt.%) and the film also showed an excellent
surface quality with a small R, of 0.6-0.7 nm. The

PLED device [ITO/PEDOT:PSS (30 nm)/9 wt.% DV-
MOC-DPS:DV-CDBP (50 nm)/TPBI (40 nm)/
CsCO3 (2 nm)/Al (100 nm)] exhibited /g, at
444 nm with an EQE of 2.0%.

Gao and co-workers achieved emitter site isola-
tion for white phosphorescent OLED by cross-linked
nanoparticles to suppress undesirable energy trans-
fer from blue to red phosphor.”® An important
advantage of cross-linked nanoparticles over non-
cross-linked ones is that the former can be stored in
a dry state without losing particle shape, which is
not possible for the latter that must be stored in
aqueous dispersion to preserve the shape. Free-
radical copolymerization of TPA, OXD, Ir-B or Ir-G
and divinylbenzene cross-linker at a weight ratio of
1:1:10%:8% in a miniemulsion system afforded the
blue- and red-emitting polymeric nanoparticles
(Fig. 26). An emitting layer consisting of blue and
red nanoparticles together with a linear co-polymer
P(TPA-co-OXD) at a weight ratio of 3:1:4 offered a
near white device [ITO/PEDOT-PSS (40 nm)/emit-
ting layer (65 nm)/BCP (40 nm)/LiF (1 nm)/Al
(100 nm)] with CIE at (0.40, 0.42) and an EQE of
~1%.

Wettach and co-workers fabricated an all-solu-
tion-processed deep-blue OLED using cross-linkable
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Fig. 27. Chemical structure of cross-linkable deep-blue emitter
based on triphenylene moiety (PCTP).

emitter based on triphenylene chromophore (PCTP,
Fig. 27).°° The device [ITO/PEDOT:PSS (35 nm)/
QUPD (20 nm)/OTPD (10 nm)/PCTP (80 nm)/Ba
(4 nm)/Al (150 nm)] exhibited /g, at 456 nm, but
the blue emission was contaminated by a broad low-
energy emission extended up to 800 nm with peaks
at ~600 nm and ~750 nm, which is attributed to
exciton leakage to the adjacent OTPD layer (a cross-
linkable hole-transporting material reported by
Yang and co-workers).”® The efficiency of the device
was poor, which reached a current efficiency of
~0.2 cd A™! at most, probably due to the low
emission capability of the PCTP emitter (®Opr: 3%
in DCM).

While cross-linkable materials enable all-solu-
tion-processed devices to reduce fabrication cost,
most devices based on these materials showed
poorer performance than their polymer analogues.
For example, a device based on cross-linked phos-
phor X-IrG3 gave a current efficiency of 34.4 cd A™!
in the green-yellow region®® and that using cross-
linked phosphorescent nanoparticles Ir-B and Ir-G
resulted in a low EQE of ~1%,%® those efficiencies
being lower than the best EQE obtained from the
phosphorescent copolymer DDIr-P1-co-VK*® (EQE:
14.7%).* In addition, the device based on cross-
linked DV-CDBP (as host) and DV-MOS-DPS (as
TADF chromophore) gave an EQE of 2.0% whereas
TADF polymer TADF-P2 offered a much higher
EQE of 20.1%.%! One possible reason for the lower
device efficiency is the very limited characterization
and purification available for the resulting
intractable cross-linked polymer film.

CONTRASTING CONJUGATED POLYMERS
WITH NON-CONJUGATED COUNTERPARTS
FOR PLED APPLICATIONS

Polymers employed in PLED applications can be
constructed with either conjugated or non-conju-
gated backbones. Both of them have been widely
employed, but a systematic comparison between

*In general, current efficiency in the green-yellow region can be
roughly approximated into EQE by dividing by a factor of 3 to 4.
See Refs. 85 and 100-102.

these two classes of materials is rarely attempted.
An understanding on the similarities and differ-
ences between conjugated polymers and non-conju-
gated counterparts is essential to the workers in the
field when it comes to design of the desired polymers
for PLED applications. Moreover, knowledge about
structure-property relationship PLED polymers can
be reinforced.

Conjugated versus Non-conjugated Polymers:
Material Preparations

There are several important parameters for the
synthesis of polymers. Polymerization yield is obvi-
ously the integral factor for the economy of the
polymer. The number-average molecular weight
(M) is a critical property that impacts the practical
applications of the polymer. According to the well-
known Mark-Houwink equation?®:

u=Kx M, (1)

where p and M., refer to viscosity of the polymer
solution and weight-average molecular weight of
the polymer, respectively. K and a are both con-
stants, where the former is related to polymer
species, temperature as well as solvent and the
latter to polymer conformation. A high molecular
weight is important to attain sufficient viscosity of
the polymer solution for generating high-quality
thin film.?* Conjugated polymers with higher molec-
ular weight are shown to have better charge
mobility because long polymer chains serve as
interconnections between ordered phases of the
polymer film.'?* In addition, high-molecular-weight
alternating copolymer of fluorene and MeH-PPV
showed a much higher ®p;, of 61.2% than the low
molecular weight analogue (®pp: 26.8%) whose
short polymer chains were more rod-like, which
resulted in more pronounced n-7 stacking and hence
greater energy transfer to the quenching site.'?
Under certain circumstances, a high-molecular-
weight polymer is not necessarily superior to a
low-molecular-weight one, but workers can make a
wise use of their different physical properties. For
instance, Al-Attar and Monkman fabricated an all-
solution processed OLED device, in which a low-
molecular-weight  poly(N-vinylcarbazole) doped
with Ir(ppy)s as the emitting layer, was spun-coated
on a high-molecular-weight poly(N-vinylcarbazole)
which functioned as the hole transport electron
blocking layer.'?® Undesirable interlayer mixing
during the fabrication of the low-molecular-weight
poly(N-vinylcarbazole) was prevented because the
dissolution of the high-molecular-weight poly(NV-
vinylcarbazole) in toluene (spin-coating solvent)
was very slow. Polydispersity index (PDI) has a
significant impact on the effective conjugation
length homogeneity of the polymer chains which
in turn affects the emission colors, formation of
undesirable charge traps and interchain packing in
the polymer.33126:127
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Table I. Summary of polymerization method, yield, M,, and PDI of the non-conjugated polymers reported

recently (2010-present)

L Yield M, Purity
Polymer Structure Category Polymerization type Ref.
(%)  (kDa) check
76 1
o_N_o
Nitroxide Mediated
PS-PERY-16 OO Fluorescent L 32.1 1.4 - 51
‘ Polymerization
0”7 °N” ™0
CBHIQ CQHIS
P(2ADN) Fluorescent Free radical 85 21.5 23 - 52
P(3ADQ) Fluorescent Free radical 72 154 27 - 52
n
P(ADN) % O Fluorescent Free radical 68 29.1 2.1 - 54
n
P(PyPA) ‘O Fluorescent Free radical 86 7.7 22 - 61
i-PPK Fluorescent Ziegler-Natta 30 - - - 63
Poly-6-TPA-BF3k " Q " ¢ Fl Spontancous 81 233 26 64
oly-6- - uorescent E -
Y @ O OCHs polymerization
.0
oo~ 1 o
Poly-4>-TPA-6-MO- O Spontaneous
Fluorescent o 81 353 2.7 - 64
BF3k Q polymerization
@N
n
DIr-P1 Phosphorescent Free radical 86 5.8 3.8 EA 26
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Table I. continued

DIr-P2

DIr-P1-co-S

DDIr-P1-co-VK

DDIr-P1

DDIr-P3

Poly(M6-MA-co-Ir-
2C-MA)

Ir-P4-5

Phosphorescent

Phosphorescent

Phosphorescent

Phosphorescent

Phosphorescent

Phosphorescent

Phosphorescent

Ring Opening

Metathesis

Free radical

Free radical

Free radical

Ring Opening
Metathesis

Free radical

Nitroxide Mediated

Polymerization

72

50

81

92

94

78

60

2 22
73 18
33 23
5 4
474 14
35 22
383 12

EA

EA

27

29

30

31

32

35

36
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Table I. continued
F F F F
o o o
O35 o] 8o},
© osly © v Joar LY © e 1003
Nucleophilic aromatic
Ir-P5-0.03 Phosphorescent o 55 6.9 1.5 - 42
S l IrO substitution
2
(OQO" QQ o C@Q ]0075[0?{&3.00
N.
\".} Q “ Q §>5 Nucleophilic aromatic
Ir-P5-0.075-0.007 Phosphorescent P o 45 - - - 44
° substitution
Et
e O/
Ir-P6(mCP-co-B) Phosphorescent Vinyl addition 37 163 2.8 - 45
Ir-P7(10B-co-1R- Nitroxide Mediated
F Phosphorescent ) - 100 1.4 - 46
100) Polymerization
F I
N
<Ry
2
2
CgHiz
& 3
Q NN
¢ é
@ 0.05 Cats Jos - .
TADF-P1 Coflyy : : TADF Suzuki coupling 80 - - - 77
0.45
63 37
TADF-P2 O O Q TADF Free radical 85 6.8 1.7 - 80
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Table II. Summary of polymerization method, yield, M,, and PDI of the conjugated polymers reported
recently (2011-present)

Polymerization Yield M, Purity
Polymer Structure Category PD Ref
type (%)  (kDa) check
Rs
om0

QLD NO_\\_®+
R o.AEQ 0.02
e 400- 2.8- ICP-
CP-ABCD Fluorescent Suzuki coupling - 103
X 500 4.0 MS
Rs Ry z N
0.50
\\N Multicomponent
Teaf \ Fluorescent . 81 15.8 1.9 - 104
coupling
FsC
Wittig—Horner
PDOPV Fluorescent . 84 3.5 1.6 - 105
reaction
P5 Fluorescent Suzuki coupling - 272 33 - 106

CF1 Fluorescent Suzuki coupling - 108 29 - 109
¢ B O’O O

PF,DSO Fluorescent Suzuki coupling 84 11.0 1.3 EA 108

P2 Fluorescent Suzuki coupling 87 72 2.4 - 109
OEtHex
CgHis
OCy;Hps N7 70
Sonogashira
PBOP-D = Y=< )t Fluorescent coupling 59 3114 - 110
Cy2H250 O N
c6H13
P1-25 Fluorescent Suzuki coupling 73 23.6 1.7 - 111

M
B

PHSSF-co- <0 OMecsHﬂoocan Grignard

. O O Si Fluorescent . 76 >50 1.8 - 112
PDHSF si n Q O Br metathesis

CeHid’ CoHyz

m
MeO OMe
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Table II. continued
CgHiz CeHyz F F Suzuki coupling 74 165 22 EA 113
PFO-TFP ' O Fluorescent
n Direct arylation 81 315 35 - 114
F F
CoHir icsHﬂ
CgHy7  CgHyy 099 O NI'I.D1 n
PF-IrNiq1 Phosphorescent ~ Suzuki coupling 82 51.7 23 - 115
“\‘ @ “H“ N n
0.45 0.05
PCztPSiB5 ? Phosph t  Suzuki li 58 7.1 1.9 116
ZtPSi . osphorescen uzuki couplin, . . -
N O C N N O C N P pling
HexEt EtHex  HexEt EtHex ( 7
o
e \’1«
Jd° F
PF-
Ir(ppy)2(pytzph)s- Phosphorescent  Suzuki coupling 64 104 2.1 - 117
Ir(pig)2(pytzph)s
P-R-3 Phosphorescent ~ Suzuki coupling 84 31 2.0 - 118
PCz6G0 Phosphorescent ~ Suzuki coupling - 25 2.1 EA 119
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Table II. continued
P3 Phosphorescent ~ Suzuki coupling 26 9.3 1.8 - 120
pAcBP TADF Suzuki coupling 87 7.4 1.2 EA 85
0=8=0
PCzDP-10 © TADF Suzuki coupling 66 46 18 EA 83
N, N, N
Jrollonl o,
OO oo oo ©
| | | 0.12
(CHJs 05 (CHJs 03 (CHys
o] ‘:N e}
P12 é) O QN TADF Suzuki coupling 47 33 18 EA 84
sae
L0
0
CgHy7 CH
817
's
O Cetra, Cobhis O Q O
L0 ;
PAPTC ? TADF Suzuki coupling 84 220 3.0  — 86
FCP 2.5 AIE Suzuki coupling 83 21.0 23 - 121
FBPAN 0.5 AIE Suzuki coupling 83 90 1.6 - 122
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Table III. Summary of PLED performances based on non-conjugated polymers, their PLQY (®p1), glass-
transition temperature (Ty) and film surface roughness (R, where R, and R, refer to average and root-mean-
squared roughness, respectively)

Dypr. T, R AEL EQE
Polymer Structure Category Ref
(%) 0y (m) (m) (%)

43 Very
P(2ADN) Fluorescent (THF) 343 - - weak 52
24 Very
P(3ADQ) Fluorescent 298 - - 52
(THF) weak
n
0 QO o -
P(ADN) O Fluorescent 237 - - K 54
(THF) weal
N _
61
P(PyPA) Fluorescent (THF) 190 - ~520 (1.1cd 61
A
~420,
0.6 ~s20, Vey o o
i-PPK Fluorescent - 90 ’
R)  ~620  Weak
(white)
23
Poly-6-TPA-BF3k Fluorescent (neat) - - - 0.008 64
neat
9
Poly-4’-TPA-6-MO-BF3k Fluorescent ( ) - - - 0.0015 64
neat
42
(20
Not 0.24
DIr-P1 Phosphorescent ~ wt.% 520 7.5 26
. observed  (R,)
in
CBP)
52
(20
Not
DIr-P2 Phosphorescent ~ wt.% - ~525 5.1 27
. observed

mn

CBP)
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Table III. continued
67
(20
DIr-P1-co-S Phosphorescent ~ wt.% - - 517 6.7 29
in
CBP)
73
(50
DDIr-P1-co-VK Phosphorescent ~ wt.% - - 545 14.7 30
in
CBP)
4 ~550,
DDIr-P1 N}‘ O 7 Phosphorescent - - ~600 92 31
7 (neat)
(sh)
Poly(M6-MA-co-Ir-2C- 65
Phosphorescent - - ~520 (3.6cd 35
MA) (neat) .
A7)
Ir-P4-5 /O Phosphorescent - - - - (max. 5 36
|
@Q\@ cdm)
N N~
‘ /N\"/ 5PFg
AN |
N
o] R o]
- P O---—+ P
{%@ D_J%@ ©
O
Ir-P5-0.03 O Phosphorescent - 254 - 566 4.1 42
Ir O
2
(0.31,
Ir-P5-0.075-0.007 Phosphorescent - - 7.1 44

0.43)



6274

Wong

Table III. continued

Ir-P6(mCP-co-B)

Ir-P7(10B-co-1R-100)

ok

8 s
Ak

CgHiz

TADF-P1

TADF-P2

Not

Phosphorescent - - 488 8.8 45
observed
~500,
Phosphorescent - - - ~600 1.5 46
(white)
43.6
TADF - - ~540 10.0 77
(neat)
TADF - 217 - 533 20.1 80

Table I summarizes the polymerization method,
yield, number-average molecular weight (M,) and
polydispersity index (PDI) of the non-conjugated
polymers introduced in this review. For comparison,
the same information for the vast majority of
conjugated polymers reported in the recent years
(2011-present) is also presented in Table II. Among
the 22 non-conjugated polymers, free-radical poly-
merization is the most widely used polymerization
method, which amounts to 45.5% of all polymers
synthesized due to its well-established chemistry
and high functional group tolerance.'?®12° The
average yields, M, and PDI of polymers generated
via free-radical polymerization are 78.3%, 14.3 kDa
and 2.5, respectively. The more advanced living
radical polymerization such as nitroxide-mediated
polymerization (NMP) allows polymers with much
lower PDIs (1.2-1.4) to be synthesized.?®*%°! Nucle-
ophilic aromatic substitution (SNAr) polycondensa-
tion resulted in a low M, of 6.9 kDa yet with a
decent PDI of 1.5 in a 55% yield** but the success of
this polymerization method strongly depends on the

degree of activation of the electrophilic carbon to be
attacked, and; hence, its generality can be limited.*?
Vinyl addition polymerization of norbornene-based
monomer offered a very high M, of 163 kDa, but
suffg"ed from a low yield of 37% and a high PDI of
2.8.

Among the 23 conjugated polymers, Suzuki cou-
pling has dominated the polymerization method,
which amounts to 79.2% of all polymers synthesized
due to its well-established chemistry and employ-
ment of more environmentally benign reagents (e.g.,
Stille coupling is notoriously known for the toxic
organotin reagents). The average yields, M, and
PDI of polymers synthesized via this method are
72.1%, 45.4 kDa and 2.2, respectively. Direct aryla-
tion polymerization (DAP) has recently attracted
intense research attention, because it is more
economical (fewer synthetic steps) and environmen-
tally friendly (less organometallic by-products) than
the traditional C-C bond formation chemistry.!3%13!
PFO-TFP synthesized via DAP had a M,, and PDI
of 31.5 kDa and 3.5, respectively, in an 81% yield,'**
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Table IV. Summary of PLED performances based on conjugated polymers, their PLQY (®p;,), glass-transition
temperature (Ty) and film surface roughness (R, where R, and R, refer to average and root-mean-squared
roughness, respectively)

Dy, T, R AEL EQE
Polymer Structure Category Ref
(%) 0 (nm) — (nm) (%)
Rs
Ry, Rs @
w NM
0-46@ 0.02 459, -
CP-ABCD Fluorescent - - - 480 (9.7 cd 103
0.02
IR Ghy A
\ N~ )N
Ol O 0O
Rg 9
50
Tcaf Fluorescent - - 445 (0.2cd 104
(chloroform) .
A7)
<1
PDOPV \ Fluorescent 34 (THF) - - 560  (0.73cd 105
C1oH210 n A l)
P5 Fluorescent 62 (neat) - - ~450 32 106
CF1 Fluorescent 20 (neat) 134 - 409 2.1 107
68 Very
PF,DSO Fluorescent - - - 108
(chloroform) weak
P2 Fluorescent <I (neat) - - 909 0.04 109
57 Not
PBOP-D = = Fluorescent - 501 1.1 110
Q O n (chloroform) observed
0.75
P1-25 Fluorescent 12 (EtOH) - - 545 0.04 111
CeH130, OCgHy3
PHSSF-co- MeQ °""*csH1aoocsH13 Not
sl ) i Fluorescent 85 (neat) - 40 29 12
PDHSF Si n Q O Br observed
CeHyd' CeHiz m
MeO' OMe
68 (neat) ot 2 s 5.02 113
CgH. CgH. F F neat A
SN observed (Ry)
PFO-TFP Q'O O Fluorescent
n 66 Not
FOF - - - 114
(Chloroform) observed
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Table IV. continued
CgHyzCsHiz
c,n"! CgHyy 099 lth 001"
PF-IrNiq1 Phosphorescent 66 (neat) - 637 7.8 115
Oy
SO VSO oY
) 045 0.08"
PCztPSiB5 Phosph 8.4 (ncat) 10 e

ztPSi! ) ) osphorescent 4 (neat .

W ULy WO ULy (Ry)
HexEt EtHex  HexEt EtHex (

PF- 79 White -
Ir(ppy):(pytzph)s- Phosphorescent 19 (neat) 133 (1} (0.32, (11.49cd 117
Ir(piq);(pytzph)s Y034 Ah

P-R-3 O ”{,_\{?/ﬁ Phosphorescent - 125 - 640 16.1 118

I
y@"@éﬁ
N.
LRI WIS
4 5 50
[
PCz6G0 Phosphorescent - - - 524 9.6 119
Q3.
oA
Ly
)
Q
— O\I H
A T
N, N-
P3 0.42s Phosphorescent 77 (DCM) 79 - 560 (2.90 cd 120
A
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Table IV. continued

PAcBP
PCzDP-10
’V )
® === b
P12
; ;
PAPTC
FCP 2.5
- N\
FBPAN 0.5

46 (10 wt.% in 0.21
TADF 184 548 9.3 85
TCTA:TAPC) (Ry)
TADF 74 (neat) ~165 - 496 16.1 83
0.39
TADF 33.7 (neat) 126 506 43 84
(Ry)
TADF 28 (neat) - - 521 12.6 86
White -
AIE 71.5 (neat) - - (033, (634cd 121
034) A

White -
80.2 (neat) 73 - (032, (756cd 122
0.31) A

whereas the same polymer synthesized via Suzuki
coupling showed a M,, and PDI of 16.5 kDa and 2.2,
respectively, in a 74% yield.''?

Both conjugated and non-conjugated polymers are
economical because the majority of the two classes
of polymers were obtained with >70% yields. A
direct comparison of M,, and PDI between the two
classes of polymers may be inappropriate, because
they were not prepared by a single polymerization
method. As mentioned previously, the most popular
polymerization methods for conjugated and non-
conjugated polymers are Suzuki coupling and free-
radical polymerization, respectively, where the

average M, and PDI are 45.4 kDa and 2.2 for the
conjugated polymers as well as 12.0 kDa and 2.5 for
the non-conjugated polymers. While Suzuki cou-
pling polycondensation seems to give polymers with
better M,, and PDI than those produced via free-
radical polymerization, it cannot be concluded that
non-conjugated polymers are inferior in terms of M,
and PDI parameters. Indeed, living radical poly-
merization, in principle, is able to give any M,
desired based on the monomer to initiator ratio
along with a very low PDI (e.g., <1.2). The analo-
gous polymerization for conjugated polymers is the
Grignard metathesis polymerization (GRIM) which
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shows quasi-living characters and is commonly used
for preparing regioregular poly(3-hexylthiophene)
(P3HT).'2 Both of these polymerization methods
are able to produce block copolymers.*®'33 However,
strongly nucleophilic organomagnesium species is
inevitably present in GRIM, which severely limit
the scope of monomers that can be polymerized,
whereas radical polymerization is well known to
have high functional group tolerance.'?®'?° Inter-
estingly, block copolymers are unpopular in PLED
applications: only one non-conjugated block copoly-
mer was reported recentl%r‘“3 and conjugated block
copolymer was absent.!3*135

A critical parameter of OLED materials is purity
because impurities can act as charge tragping sites
and quenchers during device operation.'*® However,
among the 45 polymers (conjugated and non-conju-
gated) presented in this review, only ten of them had
their purities verified (see “purity check” column in
Tables I and IT). This was done by elemental analysis
(EA) techniques, and the results were essentially all
based on CHN elemental compositions with only a
few exceptions. For example, conjugated polymer
CP-ABCD was examined by inductively coupled
plasma mass spectrometry (ICP-MS) to detect trace
elements like bromine, boron, phosphorus and pal-
ladium with concentrations that were found to be
<50 ppm, <20 ppm, <200 ppm, and <15 ppm, respec-
tively.!?® Giovanella et al., along with CHN analysis,
performed mass spectrometry analysis to conclude
the absence of residual bromine and borolane groups
in their PFO-TFP polymer.''® In addition to being
unable to detect trace elements like halogens and
transition metals, CHN analysis has a serious lim-
itation, when it comes to random copolymers whose
exact monomer compositions cannot be confirmed
due to the broadness and overlap of aromatic peaks
in the 'H NMR spectra.?**>!1¢ Halogenated impu-
rities have been shown to be detrimental to the
PLED device lifetime due to radical chain type
degradation.®” In addition, palladium black formed
during polycondensation can be hard to remove
completely.'®? Given that the vast majority of conju-
gated polymers are generated by transition-metal
catalyzed coupling in which monomers containing
aryl bromide are frequently employed, non-conju-
gated polymers, which are mainly synthesized by
free- or living-radical polymerizations where no
transition metals and halogens are involved, may
have an advantage over the conjugated counterparts
in this regard.

Conjugated versus Non-conjugated Polymers:
PLED Performances

The PLED performance (1g;, and EQE) based on
non-conjugated and conjugated polymers are sum-
marized in Tables III and IV, respectively, which
also list the related determining parameters, such
as the polymers’ PLQY (®py), glass-transition tem-
perature (T,) and film surface roughness (R).

Wong

Among the phosphorescent PLEDs, the best per-
forming non-conjugated polymer (DDIr-P1l-co-VK)
exhibited an EQE of 14.7% with a green emission
(Vg1 at 545 nm)°® while the conjugated counterpart
(P-R-3) exhibited an EQE of 16.1% with a red
emission (Agr, at 640 nm).'*® On the other hand, the
best non-conjugated TADF polymer (TADF-P2)
offered a green PLED (Ag;, at 533 nm) with an
EQE of 20.1%?" whereas the conjugated counter-
part (PCzDP-10) gave a PLED with a blue emission
at 496 nm and an EQE of 16.1%.%* Therefore, it is
reasonable to conclude that for these two classes of
polymers (phosphorescent and TADF), the nature of
the polymer backbone has minimal impact on the
PLED performance.

However, this is not the case for the fluorescent
PLEDs, where non-conjugated and conjugated poly-
mers show a significant difference in their PLED
efficiencies. For example, while the best conjugated
fluorescent polymers (P5'°® and CP-ABCD'%*
respectively) offered some decent PLED efficiencies
such as an EQE of 3.2% and a current efficiency of
9.7 cd A™! (both in the sky-blue region), all non-
conjugated fluorescent polymers exhibited much
poorer PLED performance (<1 cd A™Y. This
remarkable difference in PLED efficiencies should
not be explained by differing determining factors
such as PLQY, surface roughness, and charge
carrier balance of the emitting polymer layer
brought about by the nature of the polymer back-
bone, because the difference in the PLED efficien-
cies are only observed in fluorescent PLEDs but not
in phosphorescent and TADF PLEDs. Indeed, the
PLQYs of non-conjugated fluorescent polymers are
competitive (up to 61% in THF)®! and the surface
roughness seems to not depend on the nature of the
polymer backbone (R, < 1 nm).?%%% Considering the
key difference between fluorescent polymers and
phosphorescent/TADF analogues is the utilization
of triplet excitons for emission in the latter two
types of materials, one might wonder if the nature of
the polymer backbone affected the exciton utiliza-
tion efficiency (1g), hence, resulting in the remark-
ably different PLED efficiencies demonstrated by
non-conjugated and conjugated fluorescent poly-
mers. The internal quantum efficiency (IQE) of
PLED is strongly related to ng according to the
following expression'®®:

IQE = (I)PL X Nyee X 1) (2)

where 7., and g refer to charge recombination and
exciton utilization efficiencies, respectively. In phos-
phorescent and TADF materials, both singlet and
triplet excitons can contribute to emission and,
hence, s equals 1. On the other hand, fluorescent
materials, in principle, have their emission con-
tributed only by singlet excitons, and; hence, g
equals merely 0.25 according to spin statistics.
However, one must be aware that in practical
OLED operation, triplet excitons can also contribute
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to emission in fluorescent materials due to the
presence of triplet-triplet annihilation (TTA) in
which two dark triplet excitons merge to form an
emissive singlet exciton. Indeed, this process can be
surprisingly efficient and contribute as a major
emission mechanism in fluorescent PLED devices
(up to 20-60% of total emission).'?>% Tt follows
that fluorescent polymers with a conjugated poly-
mer backbone might undergo a more efficient TTA
process than those with a non-conjugated backbone
and, hence, show better PLED efficiencies. It could
be that the extensive charge delocalization in the
conjugated polymers may significantly lower the
triplet energy level (T;)"” and; hence, the triplet-
polaron annihilation (TPA) and TTA processes
would not be able to produce excessive energy that
causes structural disruption of the emitting species,
where the former has been regarded as the major
degradation cause for the blue phosphorescent
materials.'*! Moreover, the conjugated backbone
might result in better intrachain or interchain
bimolecular triplet exciton communication to allow
a more efficient TTA process. Of course, it could also
be that the currently reported PLED efficiencies of
fluorescent polymers with non-conjugated backbone
have not yet reflected the true potential of this class
of materials. However, given the explosive develop-
ment of TADF OLED materials in the recent
years,®>7%72 the research interest in fluorescent
materials has been sharply diminished.

CONCLUSIONS

In this review, recent advances in the develop-
ment of non-conjugated polymers for PLED appli-
cations have been discussed. While fluorescent non-
conjugated polymers performed poorly in PLEDs,
phosphorescent and TADF polymers offered much
more competitive PLED devices where the efficien-
cies of these two classes of materials have been
comparable. Based on the comparison with recently
reported PLED devices using conjugated polymers,
it can be concluded that phosphorescent and TADF
PLED performances do not depend on whether the
polymer backbone is conjugated, whereas conju-
gated fluorescent PLED exhibited much higher
efficiencies than the non-conjugated counterparts.
This might be because the conjugated polymer
backbone allows better triplet exciton recruitment
via the triplet-triplet annihilation (TTA) process, or
because the true potential of non-conjugated fluo-
rescent PLED has just not yet been revealed.

Further research efforts in some areas are still
required. For example, the effects of molecular
weight and polydispersity of the polymers on the
PLED performance are still underexplored. Althouigh
a few previous studies were conducted,?®3%4126:127
much more work has to be done to gain conclusions of
enhanced generalities and also to obtain more solid
understanding on the structure-property relation-
ships in PLED materials. In addition, the purity of

polymers for PLED applications should always be
verified to establish a reliable link between device
performances with the structure of the polymer
employed in the device. However, a survey conducted
in this review shows that only ten out of 45 PLED
polymers had their purity verified.

As to the outlook of PLED materials, it is expected
that TADF polymers will receive escalating research
attention and efforts due to their lower costs and
ability to utilize triplet excitons in the device. Cur-
rently, the TADF polymers reported so far were all
used as the primary emitting species for the devices.
In principle, TADF polymers can also be used as host
materials for conventional fluorescent dyes.®® In this
setting, the host is responsible for upconversion of
dark triplet excitons, which then transfers its energy
to the fluorescent dopant dye which has key merits of
high PLQY and much narrower emission spectrum
(i.e., enhanced color purity). TADF polymers for
white light emission still remain as a challenge.
While the current progress of PLED materials has
been very fruitful and encouraging, further research
efforts are still required.
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